Introduction
The methods used to compute golfer kinematics during the golf swing have recently received increased attention in the biomechanics literature [1] [2] [3] . In particular, the suitability of using two-dimensional (2D) methods for computing golfer kinematics, specifically X-factor (defined as the relative axial rotation of the trunk and pelvis segments), has been questioned, and three-dimensional (3D) methods have been proposed to better represent the varying orientation (i.e. flexion/extension, lateral bend and axial rotation) of the trunk and pelvis throughout the golf swing 2, 3 .
In the golf biomechanics literature, trunk flexion and lateral bend have typically been reported as 2D angles 4, 5 . For right-handed golfers, two-dimensional trunk flexion and trunk right-side lateral bend have been found to be important predictors of driving ball velocity 5 . A minimal change in golfers' two-dimensional trunk flexion from top of the backswing to impact has been described as beneficial for allowing body and club rotations to remain on a plane 5 . Two-dimensional trunk right-side lateral bend increased from 40 ms before impact to the time of impact which the authors described as upper body lag 5 . However, McTeigue et al. 6 acknowledged the over simplification of two-dimensional interpretation of trunk flexion and suggested that maintaining constant lower trunk flexion could cause excessive movement in other directions (i.e. lateral bend angles). Two-dimensional and 3D trunk flexion, lateral bend and rotation angles have not been compared during the golf swing and could suffer from similar limitations to the recently critiqued X-factor computations.
Trunk axial rotation is a contributor to the much studied X-factor 7 . X-factor has been found to correlate with performance measures such as ball velocity 5, 8 and clubhead linear velocity at impact 9 . Previous 2D approaches for computing X-factor have defined the angle between vectors representing the trunk and pelvis segments when projected onto the global horizontal plane 8, 10 or functional swing plane 3 . In situations where these vectors do rotate in a plane parallel to the horizontal plane, then this simplification would be unlikely to introduce a significant error in X-factor values. However, in reality, the golfer's trunk and pelvis rotate about an inclined axis 5, 6 and with six degrees of freedom 11 ; thus, projecting the trunk and pelvis vectors onto the global horizontal plane will introduce errors to the 2D X-factor calculation. Even projecting onto the functional swing plane, defined from the clubhead trajectory in the downswing 3 , has limitations as this plane has been shown to vary throughout the downswing 12 .
Due to these limitations, 3D X-factor is suggested to provide a more accurate estimate of the difference in axial rotation between the golfer's trunk and pelvis during the golf swing [1] [2] [3] 13 . Both Brown et al. 2 and Kwon et al. 3 compared the 2D projection methods (horizontal and swing plane projections) and relative 3D axial rotation of the trunk and pelvis, for calculating X-factor. Larger X-factor was computed using the 2D projection method compared to 3D methods throughout the downswing and was attributed in part to the changing pelvis and trunk orientations (i.e. flexion/extension, lateral bend, axial rotation) of individual golfers 3 . Nevertheless, neither study quantified the contribution of changing pelvis and trunk orientations to the difference in 2D and 3D X-factor or the improvement in accuracy gained by 3D analysis and thus it is unknown whether the additional complexity of a 3D analysis is necessary.
The purpose of this study was to compare trunk flexion, trunk lateral bend, trunk axial rotation and X-factor calculated using 2D and 3D methods in the general golfing population, in order to address two research questions. The first research question posed was how different are 2D and 3D trunk kinematic variables (flexion/extension, lateral bend and axial rotation) at key instances (takeaway, top of the backswing and impact) and throughout the swing? It was hypothesised that 2D trunk kinematic variables would be significantly greater than 3D trunk kinematic variables, in particular at top of the backswing and impact as previous literature had shown for trunk axial rotation 3, 14 .
The second research question posed was to what extent does a golfer's trunk and/or pelvis orientation, relative to the global co-ordinate system, account for the differences between 2D and 3D analyses of X-factor? Based on previous studies 2, 3 , it was hypothesised that trunk and pelvis orientations would be significant predictors of the difference between 2D and 3D X-factor. The comparison between 2D and 3D methods may help interpretation of results from biomechanics literature regarding trunk kinematics and provide further evidence on whether a 3D analysis of the golfer kinematics during the golf swing is necessary.
Methods

Participants
Whole body kinematics were recorded for fifteen right-handed golfers (age 30 ± 10 years, mass 77.0 ± 11.9 kg, height 1.77 ± 0.07 m) of varying abilities (handicap range 1 -29).
All subjects gave their informed consent and ethical clearance was obtained from the University Ethical Advisory Committee.
Data collection
Fifty-five 14 mm diameter reflective markers were placed on the golfer at anatomical positions and five markers, including one wand marker, were placed on the golfer's own driver ( Figure 1) . A piece of reflective tape was placed on the golf ball enabling the instant of impact to be determined. Three-dimensional marker trajectories were collected using a thirteen camera Vicon Nexus Motion Analysis System (Oxford Metrics Ltd, UK) sampling at 250 Hz. The Vicon Nexus motion analysis system used in this study was capable of repeatedly measuring known distances and angles within 0.2 mm and less than 0.2° respectively throughout the capture volume which were measured using methods similar to 
Data analysis
Marker positions were labelled using Vicon Nexus (Oxford Metrics Ltd, UK) and further processing was done using Visual3D (C-Motion, USA). Marker trajectories were filtered using a fourth order zero-lag Butterworth low-pass filter with a cut-off frequency of 15 Hz 16 . Five trials per golfer were selected for analysis based on the quality of data and a high subjective rating of shot quality, similar to the criteria proposed by Wheat et al. 13 .
The methods used to calculate the variables trunk flexion, trunk lateral bend, trunk axial rotation and X-factor (trunk and pelvis) are summarized in plane (lateral bend) and horizontal plane (rotation and X-factor). For the 3D method a Cardan rotation order of YXZ was selected to give the most appropriate representation of trunk flexion, lateral bend and axial rotation throughout the golf swing as also noted by Joyce et al. 1 . Notably, all the methods were based on the same trials and marker positional data, but only differed in whether trunk kinematic variables or X-factor was determined from 3D segment angles or from their 2D projections onto the global planes. For 2D and 3D angles, positive angles represented trunk extension, trunk right-side lateral bend and axial rotation towards the target.
All kinematic data were cropped from takeaway to the mid follow-through, with top of the backswing and impact also identified. These key instances were defined using the positive mean difference signified greater trunk extension, greater right-side lateral bend and greater trunk axial rotation when computed using 2D methods compared to 3D methods. A two way repeated measures ANOVA (2 x 3) was performed on each of the three dependent variables (trunk extension, trunk right-side lateral bend and trunk axial rotation) between two methods (2D and 3D) and three swing instances (takeaway, top of the backswing, impact). If there was a significant interaction between method and swing instance, the effect of the method was analysed for each swing instance using a one way ANOVA. Normality and sphericity were checked and confirmed for all dependent variables and the significance level was set at P < .05. Ensemble average curves and mean difference curves of all trunk angles were visually analysed for deviations between 2D and 3D methods.
To approximate the contributions of pelvis and trunk orientation to the difference in X-factor at top of the backswing calculated using 2D and 3D methods, a mixed-effects linear regression model was fitted to the difference between 2D and 3D X-factor (dependent variable) and the 3D pelvis and trunk extension, lateral bend and axial rotation angles (six explanatory variables). The golfer was treated as a random effect in the mixed-effects linear regression model to account for the five repeated trials for each golfer. A backward elimination method was employed whereby all explanatory variables were considered in the regression model and explanatory variables that did not contribute to the overall significance of the model (i.e. P < .05) were removed in a stepwise manner and not considered in the adjusted R 2 value. X-factor values at top of the backswing were chosen as this was the swing instance often related to measures of performance such as ball velocity 5 .
Results
The general shapes of 2D and 3D trunk angles were similar when considering group ensemble averages (Figure 2a , c, e). However, 2D methods resulted in less trunk extension and less trunk axial rotation towards the target (i.e. greater negative mean difference) from takeaway to top of the backswing (Figure 2b , f) which helped answer the first research question and provided evidence regarding the first hypothesis.
The mean difference between 2D and 3D methods for trunk angles across all swing instances ranged from approximately 3º to -11º ( Table 2 ). The two-way repeated measures ANOVA analysis confirmed that there was a significant interaction between methods (2D vs.
3D) and swing instances (takeaway, top of the backswing, impact) for trunk extension (F(2,28) = 29.38, P <.001), trunk right-side lateral bend (F(2,28) = 48.22, P <.001) and trunk axial rotation (F(2,28) = 15.86, P <.001). Therefore, a comparison between 2D and 3D methods at each swing instance for each trunk angle was performed. At takeaway there were small non-significant mean differences between 2D and 3D trunk angles but there were statistical differences at top of the backswing and impact. At top of the backswing, the 2D trunk flexion was significantly greater compared to 3D (-6.54 ± 3.64º, P < .001). At the same instance, 2D trunk axial rotation away from the target was greater than 3D (-10.97 ± 5.87º) but was not significant at the P < .05 level set (P = .068) ( Table 2 ). The Limits of Agreement at top of the backswing were wide across all trunk angles (-14 to -23º). At impact, 2D trunk right-side lateral bend angles was significantly less than the 3D angles (P =.002). At impact, the Limits of Agreement were again wide across trunk angles (-4 to -22º).
When comparing trunk angles for individual golfers, greater differences were observed in the patterns between 2D and 3D curves which also provided evidence for the first hypothesis. To illustrate these differences, two golfers with the greatest (Golfer One, handicap = 9) and least (Golfer Two, handicap = 2) difference in 2D -3D trunk axial rotation at top of the backswing were used as examples (Figure 3 ). Golfer One exhibited a greater change in 3D trunk extension throughout the swing with the golfer becoming more flexed towards top of the backswing compared to takeaway (Figure 3a) . Two-dimensional trunk
extension follows a similar pattern to the 3D pattern but appeared to report a greater amount of trunk flexion compared to 3D angles (Figure 3a ). The greater difference in magnitude between 2D and 3D trunk axial rotation curves, from takeaway to top of the backswing, can also be observed for Golfer One (Figure 3e ). For Golfer Two, 2D trunk flexion increases towards top of the backswing, whilst 3D trunk flexion remained relatively stable (Figure 3b ).
For the same golfer, in the late backswing, 3D trunk right-side lateral bend increased before top of the backswing and continued to rapidly increase during the downswing (top of the backswing -impact) which may be seen as increased trunk flexion when reporting 2D angles (Figure 3d ). Nevertheless, the 2D and 3D trunk rotation curves remained similar in pattern and magnitudes (Figure 3f ).
From the regression analysis, of the six predictor variables, three (trunk right-side lateral bend, pelvis and trunk axial rotation) were significant and contributed to the adjusted R 2 value of 0.967 (Table 3 ) which helped answer the second research question and provided evidence regarding the second hypothesis. Across all golfers, the mean difference and standard deviation between 2D -3D X-factor at top of the backswing was -16.72 ± 6.20º.
Of the six predictor variables, the most important predictor of the difference between 2D -3D X-factor was trunk axial rotation (β = -1.06) followed by trunk right-side lateral bend (β = -0.53) and pelvis axial rotation (β = 0.41). The negative β-coefficients for trunk axial rotation and trunk right-side lateral bend indicated that as these variables increased by one standard deviation (i.e. less rotation away from target and greater trunk right-side lateral bend) the difference between 2D -3D X-factor at top of the backswing would increase by approximately 6.6° and 3.3° respectively. An increase of one standard deviation in pelvis axial rotation would reduce the difference in 2D -3D X-factor at top of the backswing (approximately 2.5°). To further explore the results of the regression analysis two individual golfers, one with the greatest difference in 2D -3D X-factor at top of the backswing (Golfer Three, handicap = 9, difference ~ -25°) and one with the smallest difference in 2D -3D X-factor at top of the backswing (Golfer Four, handicap = 2, difference ~ -5°) were selected ( Figure 4 and Figure 5 ) which also helped answer the second research question. In terms of the significant predictor variables that emerged from the regression analysis, the major difference Thus, it appears that it was the relatively small trunk axial rotation away from the target line that was the major contributor to the large difference between 2D and 3D X-factor for Golfer Three.
Discussion
This study compared trunk kinematics (flexion/extension, lateral bend, axial rotation) and X-factor during the golf swing using both 2D and 3D calculation methods of the same kinematic data in the general golfing population. Two-dimensional trunk flexion was significantly greater (approximately 7º) than 3D trunk flexion at top of the backswing and 2D trunk right-side lateral bend was significantly less than 3D trunk right-side lateral bend at impact. The 2D trunk axial rotation away from the target was also greater (approximately 11º) than 3D trunk axial rotation, although not statistically significant. These results support the first hypothesis that 2D trunk kinematic variables would be greater than 3D for two out of the three variables. The differences between 2D and 3D trunk kinematic variables became more evident when examining individual golfers, especially for a single golfer who exhibited greater trunk right-side lateral bend. The degree of 3D trunk axial rotation, trunk right-side lateral bend and pelvis axial rotation were significant explanatory variables for the differences between 2D and 3D X-factor at top of the backswing. The result of the regression analysis supports the second hypothesis that trunk and pelvis orientations could explain differences between 2D and 3D X-factor, particularly at top of the backswing.
The shapes of the 2D and 3D trunk kinematics ensemble average curves were similar, but often varied in magnitude. Alkjaer et al. 18 identified increased magnitude of 2D joint moments compared to 3D joint moments at specific events during gait. However, the patterns between data curves were very similar and as a result the authors concluded that 2D methods were appropriate to use for quantifying joint moments. A similar conclusion does not appear valid in this case for the golf swing as 2D and 3D calculation methods produced differences in trunk kinematic ensemble average curves which were shown to be significant at certain key swing instances such as top of the backswing and impact, although less so at takeaway. The increased differences at top of the backswing compared to takeaway could be due to the coupled movement of flexion/extension and lateral bend in the trunk that are not accounted for by 2D angles. Biomechanical coupling is a 3D concept where movement in a single direction, particularly for the trunk, can produce movement in other directions 19 . It has been identified that 2D measurement methods used in studies exploring coupling movements leads to magnification of errors in the measurement of segment angles and subsequently misleading results 19 . Interestingly, coupling patterns have been shown to vary between individuals 20 further strengthening the need for 3D analysis and offers an explanation for the varying level of agreement between 2D and 3D analysis of trunk kinematics for individual golfers found in this study (Figure 3) . Similarly, the large range between the upper and lower
Limits of Agreement at all key swing instances (Table 2) suggests that these differences could be quite variable between golfers. Relationships to performance measures (clubhead
velocity, ball velocity) have mostly been found for 2D measures of trunk flexion, trunk rightside lateral bend and X-factor 5 . Kwon et al. 3 , however, recently reported a lack of significant correlations between 3D X-factor and clubhead velocity, at several stages in the swing, and warned that significant correlations between 2D X-factor and ball/clubhead velocity 5 should be interpreted with caution. Kwon et al. 3 suggested that fundamental differences in swing style (described as slope of swing plane, shape of clubhead trajectory) could influence both X-factor and clubhead velocity. These concerns are also relevant for previous significant relationships between 2D trunk flexion, right-side lateral bend and clubhead velocity 5 given the significant differences between 2D and 3D trunk variables observed in this study. Hence, it is important for future studies to use 3D methods when examining relationships between golfer kinematics and performance outcomes.
There were also evident differences in X-factor calculated using the 2D versus 3D methods for individual golfers (Figure 4) . Overall, the group mean 2D X-factor at top of the backswing showed increased rotation away from the target, (by approximately 16º) compared to 3D X-factor. Kwon et al. 21 reported that at top of the backswing 2D X-factor was approximately 3º greater than 3D X-factor, which was consistent with the trend observed in this study. However, Brown et al. 2 reported 3D X-factor to be greater than 2D X-factor at top of the backswing, by approximately 0.4º (standard error = 0.2º). The relatively small differences between 2D and 3D X-factor found in previous studies, compared to this study, could be due to the homogenous groups of golfers that the previous studies have used. The subjects recruited for this study intentionally included a wide range of ages (19 -55) and handicaps (1 -29) in order to obtain a wide range of trunk kinematics and X-factor values so that potentially more noticeable effects could be seen between 2D and 3D methods. This study was also able to show individual variations in the level of agreement between methods which was a concerning factor for Brown et al. between 2D and 3D X-factor varied between golfers and the mean difference did not reflect these individual golfer variations. Accurate estimation of X-factor at key instances such as top of the backswing is important in the analysis of the golf swing given that they have been shown to correlate with ball velocity 5 and to have a suitable range of values for regression analysis. Parameters such as X-factor stretch rely on quantification of X-factor at top of the backswing and maximum values and hence the methods used could affect the outcome.
Furthermore, determining accurate timings of when maximum values occur during the swing may also be important to the performance outcomes of the swing, e.g. ball distance and accuracy. For example, Tinmark et al. 22 found that the timing of pelvis, torso and hand segment velocities showed a proximal-to-distal sequencing which, was suggested to affect shot accuracy.
The differences between X-factor values obtained from 2D versus 3D methods at top of the backswing resulted primarily from the associated movements of lateral bend and axial rotation of the trunk and pelvis segments during the golf swing. Stepwise regression analysis suggested that both pelvis and trunk kinematic variables accounted for approximately 96% of the explained variance between 2D and 3D X-factor calculation methods at top of the backswing ( Table 3 ). The regression analysis suggested that golfers exhibiting lesser pelvis axial rotation away from the target would reduce the difference between 2D and 3D X-factor at top of the backswing. Conversely, golfers that had more trunk right-side lateral bend and lesser trunk axial rotation away from the target at top of the backswing would increase the difference between 2D and 3D X-factor at top of the backswing. This finding was supported by the example of the two golfers in Figure 4 and Figure 5 . As mentioned previously, Kwon et al. 3 suggested that X-factor and clubhead velocity could be influenced by fundamental swing style differences which could have contributed to the significant correlations observed between 2D X-factor and clubhead velocity in other studies 5, 8 . The results of this study have shown that the X-factor measurement methods alone could be affected by changes in golfer's body movements in other planes (i.e. trunk axial rotation and trunk right-side lateral bend) and therefore it is plausible that the 2D X-factor mask these additional golfer movements and the 2D X-factor would not be a suitable variable to correlate with measures of performance.
Given the findings of this study and Kwon et al.'s 3 study that significant and technique dependent differences between 2D and 3D X-factor occur during the golf swing, the results of previous studies reporting significant correlation between X-factor and ball velocity based on 2D measurement of the former, should be treated with caution. The results of this study serves to promote a consistent approach for quantifying X-factor and trunk kinematic variables using 3D techniques which will ultimately help to understand whether there is a correlation between these variables and measures of performance such as ball velocity.
In conclusion, this study has calculated and compared trunk kinematics (flexion, lateral bend, rotation) and X-factor during the golf swing using both 2D and 3D analysis of the same kinematic data. The 2D methods led to significant differences in trunk extension at top of the backswing and trunk right-side lateral bend at impact. The degree of similarity between 2D and 3D trunk kinematics was highly dependent on individual golfer's technique.
The differences between 2D and 3D X-factor at top of the backswing were largely due to trunk extension, trunk axial rotation, pelvis axial rotation and trunk right-side lateral bend.
Once again, the degree of similarity between 2D and 3D X-factor were dependent on an individual golfer's technique. The primary source of differences appears to be associated with projecting vectors representing the trunk and pelvis onto a global plane throughout a six degree of freedom movement. Therefore, a golfer who has a greater degree of trunk flexion, trunk right-side lateral bend or smaller degree of pelvis and trunk axial rotations may be susceptible to greater differences between 2D and 3D methods. These results support the need to use 3D methods for analysing a golfer's trunk or pelvis segment kinematics during 
